A hallmark of mammalian evolution is the structural and functional complexity of the cerebral cortex. Within the cerebral cortex, the neocortex, or isocortex, is a 6-layered complexly organized structure that is comprised of multiple interconnected sensory and motor areas. These areas and their precise patterns of connections arise during development, through a process termed arealization. Intrinsic, activity-independent and extrinsic, activitydependent mechanisms are involved in the development of neocortical areas and their connections. The intrinsic molecular mechanisms involved in the establishment of this sophisticated network are not fully understood. In this report (I) and the companion report (II), we present the first lifespan analysis of ipsilateral intraneocortical connections (INCs) among multiple sensory and motor regions, from the embryonic period to adulthood in the mouse. Additionally, we characterize the neocortical expression patterns of several developmentally regulated genes that are of central importance to studies investigating the molecular control of arealization from embryonic day 13.5 to postnatal day (P) 3 (I) and P6 to 50 (II). In this analysis, we utilize novel methods to correlate the boundaries of gene expression with INCs and developing areal boundaries, in order to better understand the nature of gene--areal relationships during development.
Introduction
The mammalian neocortex contains a densely interconnected network of anatomically and functionally distinct areas. The organization of these areas and their connections, both within the neocortex and with other non-cortical brain regions, creates a complex system that allows the animal to perform a sophisticated set of behaviors. Specific anatomical, physiological, and functional characteristics of this system are established during development. The mechanisms involved in the division of the cortical sheet into distinct areas, a process termed ''arealization,'' are not fully understood and have been the topic of great debate, from which 2 major developmental theories have emerged (Rakic 1988; O'Leary 1989; Huffman et al. 1999, Rubenstein and Rubenstein et al. 1999, Krubitzer and Huffman 2000; Pallas 2001; Ruiz i Altaba et al. 2001; Cecchi 2002; Grove and Fukuchi-Shimogori 2003; Huffman et al. 2004; Sur and Rubenstein 2005; O'Leary and Sahara 2008; Rakic et al. 2009 ). The Protomap hypothesis, first postulated by Rakic (1988) , states that the development of discrete neocortical areas is dependent on a mechanism intrinsic to the neocortex. Specifically, molecules in the proliferative zone and in postmitotic cells prespecify the tissue to become a certain cortical area or at least an area within a particular sensory system (e.g., a ''visual'' cortical area). The opposing idea, referred to as the Protocortex hypothesis, emphasizes the role of thalamic input in the determination of neocortical areal fate (for review, see O'Leary et al. 1994 ). This hypothesis rests on the idea that cortical precursor cells are nonspecific, establishing their identity later in development, thus giving the developing cortical neuroepithelium a tabula rasa character. In this construct, the thalamic afferents, particularly those from sensory projection nuclei, ''assign'' cortical territories and provide the activity-related input needed for normal function.
Although neocortical areas could not function properly without input from the peripheral nervous system, there is mounting evidence that molecular mechanisms within the developing neocortex play a major role in arealization, thus providing support for the Protomap hypothesis (Donoghue and Rakic 1999; Miyashita-Lin et al. 1999; Nakagawa et al. 1999; Bishop et al. 2000; Liu et al. 2000; Zhou et al. 2001; Yun et al. 2003; Fukuchi-Shimogori and Grove 2003; Shimogori et al. 2004; Abu-Khalil et al. 2004; Funatsu et al. 2004; Hamasaki et al. 2004; Huffman et al. 2004; Sansom et al. 2005; Bai et al. 2006; Mallamaci and Stoykova 2006; O'Leary et al. 2007; Cholfin and Rubenstein 2008; Joshi et al. 2008) . Although neocortical expression patterns of some genes, such as Id2, Cadherin6, and COUP-TFI have been described and implicated in this developmental process, exactly when, where, and what role these genes play in arealization is not completely understood Garel et al. 2003; Huffman et al. 2004; Armentano, et al. 2007; Kudo et al. 2007; Faedo et al. 2008; Pin˜on et al. 2008) . Additionally, no single study has provided a lifespan assay of the relationship between neocortical gene expression and areal development. Interestingly, genes are sometimes considered ''markers'' for certain neocortical areas in the young or embryonic mouse, without a comprehensive demonstration of how the gene expression boundaries coregister with actual early areal boundaries. Some molecular markers, such as Id2, Cadherin6, RZRß, Cadherin8, COUP-TFI, and EphA7 have been referred to as ''areal markers'' based primarily on neocortical position (Pin˜on et al. 2008) . In some cases, features of a cortical area have been correlated with the expression of a particular gene (e.g., barrels and EphrinA5 expression in the young mouse, Vanderhaeghen et al. 2000) , but a more thorough analysis of how gene expression relates to the development of multiple sensory and motor areas is required.
In order to understand the potential role of gene expression in the establishment of areal boundaries, we must have a way to identify such boundaries during the time when they gain their identity. One important, defining characteristic of a neocortical area is its pattern of intraneocortical connections (INCs) (Kaas 1982) , and these connections have been used to define putative areal boundaries in the embryonic and early postnatal mouse (Huffman et al. 2004) . Although the timing of thalamocortical axon development has been studied in the mouse (Molnar and Blakemore 1995; Auladell et al. 2000) , developmental timing of ipsilateral INCs within and between multiple sensory and motor areas has not been fully described. Furthermore, the development of INCs has not been correlated with patterns of gene expression. While some studies have described the relationship between development of gene expression and neocortical connections, most of these have been conducted with mutant mouse models. For example, FGF8 hypomorphic mutants exhibit both rostrally shifted patterning of many neocortical molecular markers at P0 and altered ipsilateral INC patterns, where cells in the caudal cortex ectopically project axons to a position far rostral compared with the wild type (Huffman et al. 2004) . Despite abnormal INCs, these mutants demonstrate a normal pattern of thalamocortical connectivity (Garel et al. 2003) . Likewise, the thalamocortical connections appear normal in the Pax6 mutant, despite the rostral shift of several neocortical molecular markers (Pin˜on et al. 2008) .
Using anatomical tracing techniques, we characterize the development of INCs in developing motor and sensory neocortex in a specific time-course analysis in the wild-type mouse from embryonic day (E) 12.5 to postnatal day (P) 3 (current report, I) and from P6 to P50 (companion report, II). These patterns of connections are used to distinguish areal boundaries in the embryonic and early postnatal period, to adulthood. In parallel, using in situ hybridization, we create ''gene maps'' that demonstrate the timing, location, and gradient of neocortical gene expression that is thought to distinguish the developing areas and regions of the neocortex. These genetic boundaries are coregistered with cortical areal boundaries identified through the analysis of connection patterns. Given that major features of sensory areas are established during the late-embryonic and early postnatal periods (E16.5--P3; e.g., the barrel field in somatosensory cortex, Rice and Van der Loos 1977) , the correlation of gene expression patterns with areal subdivisions delineated through analysis of cortical circuitry is an important and previously untested method to examine the arealization process. Our results support the notion that gene expression is playing a major, if not dominant role in cortical parcellation, particularly in terms of INC development (Huffman et al. 2004) . This lifespan analysis is a significant contribution to our understanding of the development of neocortical connections and gene expression in mice and provides valuable information regarding the relationships between the 2 phenomena.
Materials and Methods

Mouse Colony
All breeding and experimental studies were conducted in strict accordance with protocol guidelines approved by the Institutional Animal Care and Use Committee at the University of California, Riverside. All mice were maintained in a CD1 background and originally purchased from Jackson Laboratories. For staging of embryonic embryos and mouse pups, E0.5 was set at noon of the day of vaginal plug visualization, and P0 was the day of birth.
Tissue Preparation
To obtain E12.5, E13.5, E14.5, E16.5, and E18.5 embryos, pregnant mothers were sacrificed via cervical dislocation and decapitation at noon on either the 12th, 13th, 14th, 16th, or 18th day of pregnancy. The embryos were surgically removed from the uterus. E12.5, E13.5, and E14.5 embryos were euthanized via hypothermia, followed by decapitation. Older animals (E16.5--P3) were euthanized via hypothermia and transcardially perfused with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (pH 7.4). In all cases, the brain was removed from the skull, hemisected, and initially postfixed in 4% PFA depending on age and experiment. For each case, one hemisphere was used for postmortem tracing, and the opposite hemisphere was used for in situ hybridization. This method has been published previously (Huffman et al. 2004 ). Overall postfixation time was determined by the experimental procedure (3--6 weeks after dye injections for tracing experiments and overnight for in situ RNA hybridization). After initial postfixation, cortices solely devoted to in situ RNA hybridization were step immersed into methanol for dehydration and stored at -20°C.
Anatomical Tracing Techniques 1,1#-Dioctadecyl-3,3,3#,3#-tetramethylindocarbocyanine perchlorate (DiI) and 4-(4-(dihexadecylamino)styryl)-N-methylpyridinium iodide (DiA) crystals were used to identify ipsilateral INCs in embryonic and young postnatal wild-type mice; this method has been described previously (Godement et al. 1987; Garel et al. 2003; Huffman et al. 2004) . To determine the developmental progression of INCs in the mouse, single crystals of DiI and DiA were placed in different locations in the developing neocortex of mice at the following ages: E12.5, E13.5, E14.5, E16.5, E18.5, P0, and P3. Dye crystals were placed in 4 locations: rostral--frontal (putative motor cortex), rostral--parietal (putative somatosensory cortex), caudal--medial (putative visual cortex), or temporal--lateral (putative auditory cortex) in the developing neocortex, with a maximum of 2 dye placement locations (DPLs) per hemisphere. Each crystal was placed in a morphologically defined location, using a dye placement grid to enhance reliability of crystal placement (see dye placement methods in Huffman et al. 2004) . After dye placement, brains were immersed in 4% PFA and stored in darkness at room temperature for 3--5 weeks (embryonic) and 4--6 weeks (postnatal) to allow for transport of tracer. Our postmortem dye-tracing methods do not include the use of heat, in order to prevent nonspecific diffusion of tracer at the DPL. Prior to sectioning, each brain E16.5 or older was examined to verify transport of tracer to thalamic nuclei, and later, in sectioned tissue, the dye placement positions were verified using thalamocortical labeling; for example, a ''visual cortex'' injection was only included as such if retrogradely labeled cells were present in the lateral geniculate nucleus (LGN) of the thalamus (see thalamic labeling in Fig. 2 ). Cortices were sectioned in the coronal plane at 100 lm using a Vibratome. Sections were stained for 4#, 6-diamidine-2-phenylindole dihydrochloride crystallized (DAPI, Roche), mounted onto glass slides, coverslipped with Vectashield mounting medium for fluorescence (Vector Laboratories, Inc.), and photographed as described below. For each age and DPL, 4 successful replicates were assessed.
Gene Expression Assays
Gene expression assays in wild-type mouse brains were conducted using standard protocols and methods for nonradioactive free-floating in situ RNA hybridization (Shimamura et al. 1994; Garel et al. 1999; Huffman et al. 2004 ). The following probes were used to identify the patterns of neocortical gene expression in the developmental period from E13.5 to P3: COUP-TF1, Id2, RZRß, EphA7, EphrinA5 (gifts from John Rubenstein, UCSF), Lhx2 (a gift from Juan Botas, Baylor College of Medicine), Cadherin8 (Cad8, a gift from Masatoshi Takeichi, Riken Center for Developmental Biology, Japan). To prepare tissue for in situ RNA hybridization, hemispheres reserved for hybridization (opposite hemispheres to those used in dye-tracing studies) were embedded in gelatin--albumin and sectioned coronally or sagittally at 100 lm using a Vibratome. After hybridization, all sections were mounted in glycerol onto glass slides, coverslipped, and photographed as described below.
In order to be included in this study, at least 3 successful replicates for each gene at each age in each plane of section were obtained.
Analysis of Dye-Tracings and Gene Expression Assays
All images were captured using a digital high-resolution Zeiss Axio camera (HRm) using Axiovision software (Version 4.7) connected to a PC. For the analysis of dye-tracing experiments, all sections were digitally imaged 3 times using a Zeiss Axio Imager Upright Microscope equipped with fluorescence. Three filters used were as follows: blue for DAPI counterstain, red for DiI, and green for DiA labeling (excitation wavelengths: blue: DAPI-359 nm, red: Cy 3-550 nm, green: GFP-470 nm; emission wavelengths: blue: DAPI-461 nm, red: Cy 3-570 nm, green: GFP-509 nm). Images were then merged and saved in highresolution format for analysis. Sections processed for in situ RNA hybridization were digitally imaged using bright field on a Zeiss Stereo Discovery V12 stereomicroscope and imaged with the same Zeiss Axio camera described above.
Reconstruction of Ipsilateral INCs and Gene Expression
In order to facilitate coregistration of early areal boundaries determined from INCs and gene expression patterns, we have combined an INC flattening procedure (used previously by the corresponding author) with a novel gene expression flattening procedure. The INC flattening method of data reconstruction illustrates the INC data in a lateral view of the cortex; this has been shown previously to be an effective method of analysis (Huffman et al. 2004 , Fig. 3 ). Additionally, a similar technique has been presented previously, from microarray data (Hawrylycz et al. 2010) . We have now amended this method to allow us to reconstruct complex gene expression data as shown in Figures 4--10 of this report and present the expression pattern on a ''lateral'' view of the neocortex. The coregistration of the flattened reconstructions from the 2 data sets allows a clear demonstration of their correlation. The specific details of these reconstructions methods and their coregistration are described in Supplementary Materials.
Results
In this report and its companion (II), we have detailed the development of neocortical connections from the first observation of tangential labeling in the embryonic mouse to the postpubescent adult mouse and relate these data to changes in gene expression over time. Although a previous report described tangential or parallel INCs present as early as E16.5 in the mouse (Huffman et al. 2004) , a thorough lifespan analysis of INCs has not been previously published.
Early Development of Ipsilateral INCs in Mouse
Our first goal in this study was to complete a comprehensive analysis of the formation of INCs. The earliest INCs resulting from a dye crystal placement (DiI) are observed at E12.5 ( Supplementary Fig. 1 ) where only radially oriented stacks of retrogradely labeled cells are present from the pial to ventricular surface of the cortical sheet. One day later in embryogenesis (E13.5) tangential connections stemming from caudal DPLs span a significant rostral-to-caudal cortical distance (Fig. 1A --G ). Early connections within the developing cingulate cortex are present as well (Fig. 1B ,B#, arrow). Although some labeled axons observed at E13.5 are newly established thalamocortical axons, many retrogradely labeled cell bodies demonstrate the first parallel or long-range connections formed between cell populations within the cortex. Comparatively, more rostral DPLs at E13.5 result in more circumscribed labeling zones (data not shown, but reconstructed in Fig. 3A ).
At E14.5, the pattern of connections is similar to that seen at E13.5, with an increased presence of new INCs. A caudomedial DPL (Fig. 1M , starred) results in retrogradely labeled cells spanning more than half of the total rostrocaudal length of the cortex ( Fig. 1I --N,K#--N# arrows illuminate cell bodies). As with E13.5, rostral DPLs result in a more truncated labeling zone; this may suggest that connections of caudal cortical areas mature sooner than connections of frontal cortex (data not shown, but reconstructed in Fig. 3B ). This is consistent with the observation that thalamocortical connections are set by E14.5, after being established in a caudal to rostral pattern Auladell et al. 2000) and with the general view of neocortical lobe and sensory domain development (Kaas 1987, see Discussion) .
A dramatic change in connections, brain, and neocortical morphology takes place between E14.5 and E16.5, and thus, E16.5 begins a developmental period we have termed the areal patterning period (APP, compare brain structure and labeling in Figs 1 and 2). By E16.5, the thalamocortical connections are established, major structures in the developing brain, such as the basal ganglia, thalamus, and thalamic sensory nuclei, the hippocampus, and the superior colliculus are easily identifiable ( Fig. 2) . At E16.5, the sensory and motor INCs begin to resemble an early adult-like pattern, with boundaries that may coincide with primary areal borders (see Discussion). A dye placement in the putative motor/somatosensory region ( Fig. 2B1 , starred) results in retrogradely labeled cells extending rostrally to the pole (Fig. 2A1, arrow) , medially to the midline (Fig. 2B1 , arrow), and caudally through putative rostral somatosensory cortex (Fig. 2C1, arrow) . A caudal DPL in putative visual cortex at E16.5 ( Fig. 2E 1, starred) results in retrogradely labeled cells extending rostrally over the caudal half of the cortex (Fig. 2D1 , dorsal arrow), to the level of the LGN. A DPL in the lateral cortex in another brain shows sensory INCs within putative auditory cortex that extend rostrally, medially, and caudally ( Fig. 2B 2--E 2, arrows). At this stage, the putative boundaries between these developing motor and sensory areas are quite separated (see Fig. 3C ). Beginning at E16.5 and older, retrogradely labeled cells are observed in appropriate thalamic nuclei (ventral posterior nucleus for somatosensory DPLs, the LGN for visual DPLs, and the medial geniculate nucleus for auditory DPLs) to verify the position of dye placement. These cells and nuclei are identified in the figures.
At E18.5, we begin to see clear evidence of the sensory--motor amalgam, where there is an overlap of projections from motor and somatosensory cortex (compare Fig. 2G1 --H 1 red labeling with G 2--I 2 green labeling). A putative somatosensory cortex DPL ( The sensory--motor amalgam is still present at P0 (Fig. 2 , compare M 1--O1 green and M 2--O2 red, DPLs starred) and the most caudal cells labeled by the DPL in the putative somatosensory area (Fig. 2N 2 (Fig. 2T1, arrow) , and retrograde labeling from the somatosensory DPL (Fig. 2S 2--T 2, arrows) is observed rostrally through frontal/motor cortex demonstrating the continued presence of the sensory--motor amalgam (also see Fig. 3F ). Additionally, labeled cells in the putative somatosensory area are observed caudally, lateral to the location of visual cortex, forming a close but nonoverlapping boundary (Fig. 2V 2,W 2 arrows to red somatosensory cells and medial V2 arrow at boundary). Label from the putative auditory cortex extends rostrally, overlapping the somatosensory labeling laterally (Fig. 2 , compare V 1 red and V 2 red) and visual labeling caudolaterally (Fig. 2 , compare X 1 red and X 2 green). However, the labeled cell populations remain segregated, delineating unique sensory domains. The labeled cells from the putative visual DPL extend rostro-and caudomedially (Fig. 2 , V 2 green, medial arrow at boundary, X 2, arrow). Based on cell-labeling patterns at this age, the putative sensory and motor areas remain segregated as their boundaries emerge (see Fig. 3 ). 
, and P3 (S1--X1, S2--X2) hemispheres following DiI or DiA dye placement, conventions as in previous. E16.5, Brain 1: DPLs in putative somatosensory/motor (B1) and visual (E1) cortex; Brain 2: DPL in presumptive auditory cortex (C2). For ages E18.5--P3, Brain 1 DPLs in motor (G1, M1, S1) and auditory cortex (J1, Q1, W1); Brain 2 DPLs in somatosensory (H2, N2, U2) and visual cortex (K2, Q2, W2). Thalamic arrows indicate retrogradely labeled cells in the following nuclei: LGN (D1 medial, K2, Q2, and V2 lateral); medial geniculate nucleus (F2, K1, R1 medial, and X1); ventral posterior nucleus (K2 medial, P2 ventral, and V2 medial). Top left arrow in V2 indicates the visual--somatosensory boundary. All other arrows indicate retrogradely labeled cells. m, putative motor; s, putative somatosensory; a, putative auditory; and v, putative visual areas. Scale bars 5 500 lm.
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INC Development and Areal Boundaries
Patterns of INCs can be used to determine the boundaries of sensory and motor regions in the cortex (Huffman et al. 2004 ). This method is particularly useful in determining boundaries in the embryonic and newborn neocortex as other methods, such as electrophysiology, are not amenable in very young mice. The retrogradely labeled cell groups stemming from sensory and motor DPLs have very broad boundaries early on, but by P3, the Figure 3 . Reconstruction of areal boundaries through analysis of INCs. All panels represent a lateral view of one hemisphere. Panels (A--F) DPLs and organization of retrogradely labeled cells (black or gray patches 5 DPL plus dye spread; gray filled circles 5 retrogradely labeled cells in putative caudal/visual cortex; gray lines 5 processes; gray plus signs 5 retrogradely labeled cells in putative rostral/motor cortex; black filled circles: retrogradely labeled cells in putative motor/somatosensory or somatosensory cortex; black plus signs5 retrogradely labeled cells in putative auditory cortex; thick black line 5 hemisphere outline). Panels (A#--F#): lateral view reconstructions of putative areal boundaries as determined by INC analyses (gray and black lines 5 putative cortical areas as labeled; r, putative rostral area; c, putative caudal area; m, putative motor cortex; m þ s, putative sensory--motor amalgam; m/s or s, putative motor/somatosensory or somatosensory cortex; a, putative auditory cortex; v, putative visual cortex). Stars denote location of putative barrel field. Oriented medial (M) up and rostral (R) to the left. Scale bar 5 500 lm.
boundaries between motor and sensory regions have narrowed, indicating that although neocortical tangential INCs continue to develop and change throughout the life of the mouse, the adult pattern appears as early as P3 (Fig. 3A--F) . These INC reconstructions allow us to define early areal boundaries (Fig. 3A#--F#) and aid in the coregistration of these boundaries with gene expression in this and the companion report (II).
Early Development of Neocortical Gene Expression and Arealization in Mouse
This dual-report study represents the first comprehensive correlation of neocortical areal boundaries with neocortical gene expression patterns in embryonic to adult mice. During this time, many genes are expressed in the neocortex; however, the 7 genes examined here have previously been implicated in neocortical development in general, and arealization in particular, by the author and others, due mostly to their graded or regional expression and data from genetically altered mice (see Introduction). The expression patterns of COUP-TFI, Id2, Lhx2, RZRß, Cad8, EphA7, and EphrinA5 were examined at the following murine ages: E13.5, E14.5, E16.5, E18.5, P0, and P3 (older ages are presented in the companion report, II). For each gene, at each age, a series of coronal sections, a single sagittal section, and a reconstruction of putative cortical areas coregistered with the expression gradients (gene map) are shown. The boundaries of cortical areas are determined using INCs (Fig. 3) . At E13.5 only 3 of 7 genes examined are expressed in the developing neocortex and by E14.5, this number increases to 4. E16.5 marks the beginning of what we term the APP, when there is a significant change in gene expression with 6 of the 7 genes examined expressed in the developing cortex. Beginning at E18.5, and continuing through P3, all 7 genes examined are expressed in the neocortex. In order to facilitate the comparison of expression patterns of ''different'' genes at the ''same'' age, we have included additional figures as Supplementary Material (Supplementary Figs 2--7) .
COUP-TFI At 13.5 and E14.5, COUP-TFI is expressed in a lateral to caudolateral gradient, with the strongest expression in the caudolateral region of the cortical plate (Fig. 4A1--A 6 and B1--B6, arrows in A 4, B 4). At these early ages, COUP-TFI expression appears to avoid the putative somatomotor and visual areas (Fig. 4A6, B 6 , ''gene map'' gradient abuts lateral boundaries of r, rostral area, and c, caudal). At E16.5 and E18.5, COUP-TFI is still expressed in a rostrolateral to high caudal gradient (Fig. 4C1 --C 6 and D1--D 6, arrows in C4--C5 and D 4--D 5) that coregisters with putative auditory cortex, overlaps with the putative visual area, and abuts the lateral somatomotor areal boundary (Fig. 4C6--D 6 ). COUP-TFI expression at P0 expands and the gradient remains unchanged (Fig. 4E 1--E 6, arrows) . Unlike previous ages, the gene map for COUP-TFI at P0 coregisters with much of the motor area and overlaps the lateral half of putative somatosensory cortex (Fig. 4E 6 ) . By P3, COUP-TFI expression displays expanded and more complex multilaminar patterns; however, the gradient is maintained (Fig. 4F 1--F 6 , arrows).
Id2
Id2 is weakly expressed in the lateral cortex at E13.5, with a rostral-to-caudal gradient present outside the early boundaries of putative somatomotor (r, rostral) and visual areas (c, caudal, Fig. 5A1 --A 6, arrow in A2). Id2 is expressed more strongly at E14.5 in a gradient that is high both rostromedially and caudolaterally (Fig. 5B1--B 6, arrows) . At E16.5, Id2 is strongly expressed along the midline with a high rostral to low caudal gradient (Fig. 5C1--C 6 , arrow in C 5) and a medial to lateral gradient is observed (Fig. 5C 2, arrow) . The gene map for Id2 expression shows a correlation with lateral boundaries of motor, somatosensory, and auditory regions (Fig. 5C6) . Id2 expression at E18.5 has more laminar variations, highlighting the emergence of distinct lamina (Fig. 5D1--D 6 ) and the gradient shifts to low rostral to high caudal (Fig. 5D 5, arrow) . The midline expression remains highest caudally at E18.5 ( Fig. 5D 4, D 5, arrows) . Id2 coregisters with multiple areas at E18.5 and P0 (Fig. 5D6, E 6 ). At P0, there is a high medial to low lateral gradient rostrally (Fig. 5E1, arrow) ; this pattern reverses in the caudal cortex (Fig. 5E 3, arrows) . At P3, rostral expression of Id2 is limited to superficial layers (Fig. 5F 1,  medial arrow) . The medial lateral gradient can be observed rostrally ( Fig. 5F 1, arrows) , and there is also strong medial expression caudally (Fig. 5F 5, arrow) . A distinct absence of expression is seen in the superficial layers at the location the developing barrels at P3 (Fig. 5F 3, medial arrow), and a lateral region of expression coregisters with putative auditory cortex ( Fig. 5F 3--F 4, arrows, F 6).
Lhx2
At E13.5 and E14.5, Lhx2 is weakly expressed caudomedially and along the dorsal midline, with very strong expression within the medial wall from which the cingulate cortex and hippocampal formation will later emerge (Fig. 6A1--A 6 ,B1--B 6, arrows). At these young ages, there is a faint medial--lateral gradient that avoids the rostral region (r, rostral area) where motor cortex will later emerge. The expression boundary coregisters with putative visual cortex (c, caudal area) and shares its lateral boundary (Fig. 6A 6,B 6 ). At E16.5, Lhx2 is expressed in a gradient within the medial wall and caudal medial cortex (Fig. 6C 5, arrow) and is observed caudolaterally (Fig. 6C 3--C 4, arrows) . The gene map demonstrates how Lhx2 expression coregisters with putative auditory and visual cortical areas (Fig. 6C6) . Although expression remains strong in the hippocampal formation, medial wall Lhx2 expression is decreased at E18.5 (Fig. 6D 3, arrow) . Also at this age, a gradient of expression coregisters with putative auditory cortex and overlaps with putative somatosensory and visual cortices (Fig. 6D1--D6 ). Although expressed rostrally at P0 (Fig. 6E1,  arrow) , a distinct caudolateral region of Lhx2 expression is present (Fig. 6E 3,E 4 , arrows) that corresponds to putative auditory cortex (Fig. 6E6) . Differing from earlier ages, Lhx2 expression coregisters with both putative motor and somatosensory cortices at P0 (Fig. 6E 6) . At P3, Lhx2 is expressed rostrally with high levels of expression within the developing barrel field (Fig. 6F 3, arrow) . A region of strong caudal Lhx2 expression remains (Fig. 6F 4, arrow) . Laterally, a low rostral to high caudal gradient is seen (Fig. 6F 5, arrow) . Although the gradient spans the majority of the neocortex at P3, some regions of high expression appear to register with sensory areas (Fig. 6F 3, arrow [somatosensory] , and F 4, arrow [visual] , F 6).
RZRß
RZRß transcripts were not consistently detected in the neocortex at E13.5 or E14.5 (Fig. 7A1--A6,B1--B6) . However, Cerebral Cortex June 2011, V 21 N 6 1317 at E16.5, RZRß is expressed in a high rostral to low caudolateral gradient (Fig. 7C1--C6 ,C 5, arrow). In the most rostral cortex, a medial to lateral gradient can also be observed (Fig. 7C 2, arrow) . RZRß expression at this age coregisters with putative somatomotor and auditory areas, approximately sharing both medial and lateral boundaries (Fig. 7C6) . RZRß expression gradient at E18.5 coregisters with putative auditory cortex, overlaps putative motor, somatosensory areas, and abuts the lateral boundary of the putative visual area (Fig. 7D 2,D 5 , arrows, D 6). The gradient remains at P0 with some differential expression correlating with somatosensory and auditory cortical areas (Fig. 7E 1--E 5, arrows) . When collapsed across layers, RZRß expression at P0 overlaps all 3 putative sensory areas but mostly avoids putative motor cortex, as shown on the gene map (Fig. 7E 6) . This pattern persists at P3 (Fig. 7F 6) , where transcripts are clearly observed in the Figure 4 . Analysis of neocortical gene expression of COUP-TFI; 100 lm rostral to caudal coronal series (A to F1--4) or sagittal (A5--F5) sections of E13.5 (A1--5), E14.5 (B1--5), E16.5 (C1--5), E18.5 (D1--5), P0 (E1--5), or P3 (F1--5) brain hemispheres after in situ hybridization with a probe for COUP-TFI, oriented with dorsal up (all sections) and medial (A to F1--4) or rostral (A5--F5) to the left. Panels A6--F6 show lateral view reconstructions within one hemisphere of gene expression gradients or gene maps (gray shaded areas) coregistered with areal reconstructions at each age. Other conventions as in previous. COUP-TFI is observed at E13.5 (A4 arrow: caudo/lateral expression) to P3 in a rostral to caudal lateral gradient. Expression is present at later ages in a caudal region (arrows in B4, C4--5, D4--5, E4, F3--4), a rostral region (E1, E5, and F5 rostral arrows), and caudomedial region (E5, F5 caudal arrows). Scale bars 5 500 lm.
barrel field as the barrels are beginning to emerge (Fig. 7F 2,F 5 , arrows).
Cad8
At E13.5, neocortical Cad8 expression was not consistently observed in our study (Fig. 8A1--A6 ). However, a weak rostral--caudal Cad8 gradient is present at E14.5 (Fig. 8B1--B 5,  arrows) ; the rostral portion of this gradient coregisters with the putative somatomotor area (r, rostral) and abuts the lateral boundary of the putative visual region (c, caudal, Fig. 8B 6) . At E16.5, cortical Cad8 expression remains low but is present within the middle--lateral portion of the cortex (Fig. 8C 1--C 5, arrow) , coregistering with putative auditory cortex and abutting putative visual cortex, while overlapping the somatomotor region (Fig. 8C 6) . A dramatic change in Cad8 expression is observed at E18.5 where transcripts are Figure 5 . Analysis of neocortical gene expression of Id2; 100 lm coronal (A to F1--4) or sagittal (A5--F5) sections and gene maps (A6--F6) of E13.5--P3 brain hemispheres after in situ hybridization with a probe for Id2, with conventions as in previous. Id2 expression is observed from E13.5 to P3. E13.5 expression is most pronounced laterally (A2, arrow). Strong expression is observed laterally, rostrally, and medially at E14.5--E16.5 (B3, B5, C2, C5, arrows). E18.5--P3 shows increased laminar complexity of expression. D4--5, E1, E3 lateral, E 5, F 5 arrows: regions of strong expression. Low superficial expression corresponds to the putative barrel field (E3, F3 medial arrows) in contrast with a rostral region of strong superficial expression (F1 medial arrow) that is not maintained laterally (F1 lateral arrow). F3--4 lateral arrows: distinct lateral domain of expression correlated with auditory cortex. Scale bars 5 500 lm.
Cerebral Cortex June 2011, V 21 N 6 1319 found along the medial cortex, in a rostral to caudal gradient (Fig. 8D1--D 5, arrow in D 2) . There is also a slight medial--lateral gradient (Fig. 8D3, arrow) . Expression coregisters with putative motor, somatosensory, and visual areas and abuts the medial boundary of auditory cortex (Fig. 8D 6) . At P0, Cad8 is strongly expressed along the midline in a medial to lateral gradient (Fig. 8E 2,E 5, arrows) that coregisters and shares areal borders with the putative motor, somatosensory, and visual areas but abuts the medial boundary of the putative auditory area (Fig. 8E 6) . Cad8 expression at P3 is similar in position and coregistration to that observed previously, although there is increased laminar distinction and a high rostral to low middle to high caudal gradient (Fig. 8F 1--F 6 ; F 1,F 3--F 5, arrows). Moving laterally, expression is negative (weak) at the emerging location of the somatosensory barrel field (Fig. 8F 2,  arrow) . (A6--F6 ) of E13.5--P3 brain hemispheres after in situ hybridization with a probe for Lhx2, with conventions as in previous. Lhx2 is expressed from E13.5 to P3. At early ages, expression is confined primarily to the most medial regions of the cortex (arrows in A3, A5, B4 and A6--B6). At E16.5 (C3--C4, arrows), a lateral domain of expression emerges. Medial wall expression decreases at later ages (D3, arrow), while lateral expression in superficial layers spreads and increases in intensity. C5, D4, D5, E5, and F5 arrows: gradients of expression. E1, E3, E4 and F4 arrows: robust expression along the rostral/caudal extent of the neocortex, including the putative auditory cortex (E6). F3 arrow: strong expression in the developing barrel field. Scale bars 5 500 lm.
EphA7
EphA7 transcripts were not detected consistently until E16.5, where expression is weak (Fig. 9C1--C 5, arrows) . EphA7 expression coregisters with putative auditory cortex and overlaps with the putative somatomotor region, while abutting the putative visual cortex area laterally (Fig. 9C6) . EphA7 expression at E18.5, although not strong, is present in 2 distinct regions (Fig. 9D 2,D 4 , arrows) that have a ''island'' of weak to no expression between them where the somatosensory barrel field will emerge (Fig. 9D 5, arrows) . At this age, coregistration is seen with the putative motor, somatosensory, and auditory areas (Fig. 9D 6) . At P0, EphA7 expression coregisters with the putative motor cortex and overlaps the visual cortical region, avoiding the developing barrel field within the somatosensory cortex (Fig. 9E 1--E 6, arrows) . Expression at P3 is similar to that at P0 (Fig. 9F 1--F 6 , arrows), exhibiting coregistration with putative motor and visual cortex; however, expression is more differentiated across lamina, as with the previous genes. (A6--F6 ) of E13.5--P3 brain hemispheres after in situ hybridization with a probe for RZRß, with conventions as in previous. RZRß expression is first detected within the developing neocortex at E16.5 (C2, C5, arrows). Rostromedial expression is reduced at later ages but caudolateral expression strengthens and expands (D6--F6). D2, D5, E5, and F5 arrows indicate the expression gradient. E3 arrows: nonuniform expression along the medial/lateral extent, F2 arrow: robust expression in the developing barrel field. Scale bars 5 500 lm.
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EphrinA5
We were not able to reliably detect EphrinA5 transcripts in the mouse neocortex until E18.5 (Fig. 10D1--D 6 ) where a patch of expression is observed in the location of the putative barrel field (Fig. 10D3,D 5, arrows) . This expression boasts a slight caudal to rostral gradient and abuts the rostral boundaries of putative visual and auditory areas (Fig. 10D 6) . At P0, EphrinA5 is expressed in 2 distinct regions in the cortex (Fig. 10E 1--E 4 , arrows, E6) including the emerging barrel field (Fig. 10E 5, arrow) . EphrinA5 coregisters with both putative somatosensory and auditory cortical areas, and extends caudally into putative visual cortex (Fig. 10E 6) . EphrinA5 expression at P3 extends caudally to the level of the rostral hippocampus (Fig. 10F 1--F 3 , arrows, and F 5, arrow), and as at P0, low expression is observed within the putative visual cortex (Fig. 10F 4, arrow) . Expression remains strong in the putative location of the barrel fields (Fig. 10F 5, arrow, F 6, stars) . As shown on the gene map, a shared boundary exists laterally with somatosensory cortex (Fig. 10F 6) . (A6--F6 ) of E13.5--P3 brain hemispheres after in situ hybridization with a probe for Cad8, with conventions as in previous. Cad8 expression is first detected at E14.5 (B4--B5, arrows). Expression remains low at E16.5 (C5, arrow). A uniform gradient with levels highest medially is observed at E18.5; at later ages, distinct domains of expression are also observed. D2, D3, F1, F3--F4, and lateral E2 arrows: gradients of gene expression. E2 medial and E5 arrow: domains of strong medial expression, F2 arrow: weak expression in developing barrel field. Scale bars 5 500 lm.
Relating Development of INCs to Gene Expression
By combining our flattened reconstructions of INCs, areal boundaries and gene expression in Figures 4--10 , we describe the correlative relationships of genes and areas, as well as how areal boundaries and gene expression patterns change over time. In Figure 11 , we demonstrate correlations of INCs with gene expression in actual tissue sections, rather than in 2d reconstructions, to further support our hypothesis that INC development, gene expression, and arealization are related. We focused this analysis at P0, to allow comparisons with data obtained from studies of mutant mice. The location of putative motor cortex is positively correlated with Cad8 expression and negatively correlated with RZRß expression, demonstrating a clear boundary (Fig. 11A1--A3 , arrows at boundary). Likewise, putative somatosensory cortex (Fig. 11B1 between arrows) is positively correlated with EphrinA5 expression and negatively correlated with EphA7 expression (Fig. 11B1--B3, arrows at boundaries) . Putative Figure 9 . Analysis of neocortical gene expression of EphA7; 100 lm coronal (A--F1--4) or sagittal (A5--F5) sections and gene maps (A6--F6) of E13.5--P3 brain hemispheres after in situ hybridization with a probe for EphA7, with conventions as in previous. EphA7 is first detected in the neocortex at E16.5 (C1, C4--C5, arrows). At E18.5 and older, expression is present rostrally and caudally, but excluded from the putative somatosensory barrel field. D4, E4, and F4 arrows: caudal expression domains. D5 and E5 arrows: rostral/caudal expression separated by island of weak expression. D2, E1, and F2 arrows: rostromedial/medial expression domains. F5 arrows/F6 stars: EphA7-negative domain at the location of the developing barrel fields. Scale bars 5 500 lm.
Cerebral Cortex June 2011, V 21 N 6 1323 auditory cortex at P0 coregisters with Lhx2 expression, and this region is negative for Cad8 (Fig 11C1--C3 , arrows at boundary). Finally, a medial region of putative visual cortex (Fig. 11D1 between arrows) is positively correlated with layer 2/3 expression of Id2 medially, and overlaps the ''weaker'' region of COUP-TFI expression (Fig. 11D1--D3 , arrows at boundaries).
A summary of INC data, along with flattened, lateral view reconstructions of gene expression data, by age, are illustrated together to highlight possible cooperative functions among multiple genes (Fig. 12) . Gene expression patterns are particularly dynamic and complex from E16.5 to P3, during the APP. Most likely, multiple genes in combination with one another, rather than simple one gene-one area relationships, provide relevant information and perhaps code for the position of areas in the cortex as well as regulate the timing of their development (Fig. 12) . In many cases, gene expression patterns overlap (such as COUP-TFI, Id2, Lhx2, Figure 10 . Analysis of neocortical gene expression of EphrinA5; 100 lm coronal (A--F1--4) or sagittal (A5--F5) and gene maps (A6--F6) of E13.5--P3 brain hemispheres after in situ hybridization with a probe for EphrinA5, with conventions as in previous. EphrinA5 expression in the neocortex is first detected at E18.5, with low levels of transcripts found laterally and in the putative somatosensory barrel field (D3 and D5, arrows). At later ages, levels of expression increase in intensity while the distribution of transcripts remains similar. E1--4 arrows: gradients of expression; E5 and F5 arrows: putative somatosensory barrel field. F1--3 arrows: regions of strong expression moving caudally and laterally. F4 arrow: expression in putative visual cortex. Scale bars 5 500 lm.
and Cad8 at E14.5), in others, they contradict each other, forming a boundary (such as EphrinA5 and EphA7 in rostral cortex at E18.5--P3). This analysis has allowed us to visualize not only how these multiple patterns overlap and abut one another, but also how they relate together to the developing area boundaries (Fig. 12A$--F$) . In summary, our results: 1) demonstrate that tangential INCs develop sooner than previously thought (Huffman et al. 2004) ; 2) suggest that gradients and regional expression of genes during the APP are critically involved in the development of INCs and subsequently in arealization; and 3) suggest that the genetic code that facilitates this development is not a simple one-gene/one-area code, but rather a complex network of opposing and cooperative molecular forces.
Discussion
In our dual-report study, we present a developmental analysis of INCs among multiple sensory and motor regions along with detailed assays of expression patterns of 7 genes thought to be involved in arealization. We use INCs to inform us about areal boundaries as they develop and change and relate global patterns of gene expression to these data. In this first report, we discuss the development of INCs through P3, and how gene expression patterns at corresponding murine ages relate to INC development and arealization.
Early Development of Ipsilateral INCs in Mouse
This study represents the first lifespan analysis of INCs in any species. E13.5 marks the emergence of tangential connections Figure 11 . A coregistration of INCs and gene expression at P0; 100-lm coronal DiI sections shown alongside adjacent in situ hybridization sections, with dorsal up, lateral to the right. A1--A3: DPL and INCs in rostral--medial cortex demonstrate the location of putative motor cortex (A1), the boundaries of which coregister with opposing expression boundaries of Cad8 (A2) and RZRß (A3). B1--B3: DPL and INCs in rostral cortex demonstrate the location of the rostral portion of putative somatosensory cortex (B1), the boundary of which coregisters with the EphrinA5 (B2) and the opposing EphA7 (B3) expression boundaries. C1--C3: DPL and INCs in lateral cortex demonstrate the location of putative auditory cortex (C1), the boundary of which coregisters with complementary boundaries of Lhx2 (C2) and Cad8 (C3) expression. D1--D3: DPL and INCs in medial cortex demonstrate the location of putative rostral--medial visual cortex (D1), which coregisters with complementary boundaries of Id2 (D2) and COUP-TFI (D3) expression. Arrows in A1--3, B1--3, C1--3, and D1--3 indicate the rostral--lateral boundary of putative motor cortex, the medial and lateral boundaries of putative rostral somatosensory cortex, the medial boundary of putative auditory cortex, and the medial and lateral boundaries of the rostral portion of putative visual cortex, respectively. Scale bar 51 mm.
Cerebral Cortex June 2011, V 21 N 6 1325 in mouse neocortex with a small enhancement of this pattern observed at E14.5 (Fig. 12A,B) . A dramatic change is observed at E16.5, with a significant growth of new connections stemming from rostral, caudal, and lateral dye placements (Fig. 12C) , where 3 major putative neocortical areas: motor/somatosensory, visual and auditory will emerge. By E18.5, the brain has --F) , and gene expression patterns (A#--F#) and coregistrations of the 2 data sets (A''--F''), where putative areal boundaries are shaded. In all 3 columns, similar ages are presented from left to right as follows: A--A'', E13.5; B--B'', E14.5; C--C'', E16.5; D--D'', E18.5; E--E'', P0; F--F'', P3. A--F (colored patches5 DPL plus dye spread; red filled circles 5 retrogradely labeled cells in putative caudal/visual cortex; thin colored lines 5 processes; green filled circles5 retrogradely labeled cells in putative rostral/motor cortex; blue filled circles: retrogradely labeled cells in putative motor/somatosensory or somatosensory cortex; yellow filled circles 5 retrogradely labeled cells in putative auditory cortex; thick black line 5 hemisphere outline). In A'--F' and A''--F'', the flattened, reconstructed expression of each gene is represented by a colored line as follows: COUP-TFI, red; Id2, orange; Lhx2, burgundy; RZRß, blue; Cad8, green; EphA7, gray; EphrinA5, purple. The pastel shaded regions in A''--F'' denote putative area boundaries of sensory and motor areas, determined from the patterns of INCs, as labeled (r, putative rostral area; c, putative caudal area; m, putative motor cortex; m þ s, putative sensory-motor amalgam; m/s or s, putative motor/somatosensory or somatosensory cortex; a, putative auditory cortex; v, putative visual cortex). Stars denote location of putative barrel field. Oriented medial (M) up and rostral (R) to the left. Scale bar 5 500lm.
increased in size allowing separate motor and somatosensory dye placements, revealing early evidence of the sensory--motor amalgam (Fig. 12D ), which has been described in rodents (Hummelsheim and Wiesendanger 1985) . Although early boundaries of the motor and sensory areas are emerging, there are regions of cortical tissue where no labeled cells, or ''gaps,'' between putative areal boundaries are observed (Fig. 12D , white areas). It is possible that by E18.5, the primary areas (motor, somatosensory, visual, and auditory) are present, and INCs observed are intraprimary at this stage. The gaps may be the regions where secondary and tertiary areas will later develop. By P0, these gaps are reduced (Fig. 12E) and by P3, nearly eliminated (Fig. 12F) . The positions of INCs and sensory/ motor domains at P3 are similar to what is observed in the adult at P50 (Fig. 12F, see companion report, II) . Here, we translate the patterns of INCs into emerging sensory and motor areas, using the extent of tracing as putative areal boundaries (Figs 3A#--F# and 12A$--F$) and demonstrate the first observation of the barrel field (Figs 3F# and 12F$ stars) at P3 near the end of the APP.
An Intrinsically Regulated Model of Neocortical Arealization Consistent with Rakic's Protomap hypothesis proposed over 20 years ago, recent results have shown that the developing neocortex is ''patterned'' early in development, prior to the onset of sensory activity, with differential expression of genes during regionalization or arealization (Rakic 1988; Donoghue and Rakic 1999; Miyashita-Lin et al. 1999; Nakagawa et al. 1999; Bishop et al. 2000; Liu et al. 2000; Zhou et al. 2001; FukuchiShimogori and Grove 2003; Garel et al. 2003; Nakagawa and O'Leary 2003; Yun et al. 2003; Funatsu et al. 2004; Hamasaki et al. 2004; Huffman et al. 2004; Shimogori et al. 2004; Abu-Khalil et al. 2004; Sansom et al. 2005; Mallamaci and Stoykova 2006; Cholfin and Rubenstein 2008 ; for review see Ragsdale and Grove 2001; Ruiz i Altaba et al. 2001; and Cecchi 2002; O'Leary et al. 2007 ; O' Leary and Sahara 2008; Rakic et al. 2009 ). For example, neocortical gene expression patterns are unperturbed in mutant mice lacking thalamocortical inputs and thus sensory input from the periphery Nakagawa et al. 1999) . It has been postulated that patterning centers in the midline of the developing telencephalon have a primary role in regulating neocortical regionalization Fukuchi-Shimogori and Grove 2001; Crossley et al. 2001; Fukuchi-Shimogori and Grove 2003; Huffman et al. 2004; Sansom et al. 2005) . A dorsal patterning center expresses high levels of Bmp and Wnt genes, and mutations in both genes disrupt neocortical development (Furuta et al. 1997; Grove et al. 1998; Lee et al. 2000; Shimogori et al. 2004) . Additionally, mutant mice with reduced signaling of FGF8, expressed in the rostro-dorsal midline of the telencephalon, indicate a requirement for this gene in the development of intraneocortical connectivity and neocortical areas Grove 2001, 2003; Garel et al. 2003; Huffman et al. 2004; Shimogori and Grove 2005) .
In this study, we examined the expression patterns of 7 genes: COUP-TFI, Id2, Lhx2, RZRß, Cad8, EphA7, and EphrinA5. These genes are hypothesized to regulate arealization due to their regional expression in early neocortical tissue, and in some cases, such as with COUP-TFI, due to observed alterations in the neocortex of the mutant mouse. For example, the conditional COUP-TFI mutant mouse exhibits a defect in neocortical patterning in that the primary sensory areas are reduced in size and compressed in the caudal cortex (Armentano et al., 2007) . Also, the EphA7-/-and EphrinA5-/-mice show a reduction in the size of somatosensory cortex, and this effect is further exacerbated in the double mutant (Miller et al. 2006) . There is also a neocortical phenotype in the Lhx2 conditional mutant, where only 3 of 6 cortical layers form during development (Chou et al. 2009 ).
The APP: INCs, gene expression, and arealization In this report, we present the idea that features of neocortical areas are determined through intrinsic mechanisms, such as early gene expression, as well as extrinsic, activity-dependent mechanisms during a fairly restricted period of time in mouse development. We suggest that the APP begins around E16.5 in the mouse. This developmental starting point was chosen initially on the superfluity of INCs observed at E16.5 and supported by an analysis of gene expression data. We do not suggest that this is the initial starting point at which all features of neocortical areas arise; however, it appears to represent a developmental time when common features of areal boundaries emerge and patterns of gene expression increase dramatically in complexity. Although tangential INCs are present at E13.5, and 3/7 genes are expressed at that time, the INCs are few, and the overall gene expression is diffuse and weak, whereas by E16.5, distinct cortical areas can begin to be discerned from the INC data, and many of the genes at E16.5 are expressed in discrete locations that coregister with these putative boundaries (Fig. 12A$--C$) . From E16.5 to P3, we see a clear stepped progression from the initial pattern of INCs, where putative areal boundaries are separated by gaps at E16.5, to a near adult-like pattern where sensory domains abut one another, as demonstrated by INCs of 4 sensory and motor areas at P3 (Fig. 12C--F) . This is likely to result initially from the early development (E16.5) of primary sensory and motor areas, then to the development of primary and secondary areas, where boundary expansion occurs at E18.5/P0, then finally to the development of primary, secondary, and tertiary sensory areas at P3, where the apparent areal boundaries abut one other. The areas not labeled at P3 (Fig. 12F ) remain unlabeled throughout adulthood (see companion report, II) and thus are likely to represent cortical areas of multisensory integration and higher level processing as the postmortem dyes used in this study are not multisynaptic.
Visual Cortex
Gene expression is dynamic during neocortical sensory and motor areal development, and certain relevant correlations between the 2 data sets emerge. Early on (E13.5--16.5), putative visual cortex is restricted to the Lhx2-positive zone of the cortex, avoiding the expression zones of other genes at its lateral boundary. However, a few days later (E18.5--P0), gene expression patterns within and around the putative visual area lose specificity, and expression does not consistently coregister with the visual area border (Fig. 12A$--F$) . As the mammalian cortex develops from caudal to rostral, with the occipital lobe areas maturing first and the frontal lobe last (Kaas 1987) , perhaps our results reflect this developmental order, as connections within the putative visual area appear first at E13.5, and the gene expression data show a lack of regional Cerebral Cortex June 2011, V 21 N 6 1327 specificity/border coregistration in the caudal cortex by E18.5 (Fig. 12A $--F$ and Table 1 ).
Auditory Cortex
As with visual cortex, early on this putative area is almost perfectly correlated with a region of strong Lhx2 expression (E16.5, Fig. 12C$) . Additionally, this putative auditory area shares its lateral boundary with the COUP-TFI-, Id2-, Cad8-, EphA7-, and RZRß-positive zones (Fig. 12C$) . The specificity of the early gene expression of this caudal region corresponds to what we observed for visual cortex. However, as expected based on its lateral position, auditory cortex continues to share boundaries with gene expression a few days beyond visual cortex (E18.5--P0), but by P3, the pattern appears less specific (Fig. 12D $--F$ and Table 1 ).
Rostral Neocortex: Motor and Somatosensory Unlike visual and auditory areas, early ages (E13.5--E16.5) do not demonstrate a great deal of coregistration between INCs and gene expression; however, by E18.5, much of the putative motor and somatosensory areas are restricted to the rostral EphA7-positive zone, with the caudal portion of the somatosensory area overlapping the EphrinA5 region. The lateral boundaries of putative motor and sensory areas coregister or abut expression zones of several genes, including EphA7, Cad8, Id2, RZRß, and COUP-TFI, which may be involved in the establishment/maintenance of the boundary at this age up to P3 (Fig. 12D $--F$ and Table 1 ). The RZRß-and EphrinA5-positive zones encompass the emerging barrel field at P3 (Fig. 12F$ , stars, and Figs 7 and 10F6) . Contrary to what is observed for the caudal cortex, the expression of genes at the boundaries of motor and somatosensory cortex demonstrate more complex patterns later in development, further supporting the role of gene expression in the progression of caudal to rostral neocortical development (Table 1) .
In summary, this study provides a description of the development of ipsilateral INCs of multiple sensory and motor regions from E12.5 to P3 in the mouse. The analysis of these connections, which represent a cardinal feature of neocortical area development, has led to our initial description of the APP beginning near E16.5 and ending around P3, when other hallmark cortical features such as 6-layered cortex and the somatosensory barrel field emerge in development. In addition, our study surveyed gene expression of 7 genes at ages ranging from E13.5 to P3, with later ages of both data sets analyzed in the companion paper (II). Our novel analysis of gene expression includes the creation of graded gene maps, where developing areal boundaries are correlated with genetic patterns and 2D multigene overlays, both of which have greatly added to our understanding of 1) which genes or combinations of genes may be intrinsically coding for area identity, 2) when in development this coding for different sensory and motor regions may be taking place, and 3) where specific boundaries of putative areas correlate with boundaries of gene expression. This report, along with the companion report, provides a lifespan analysis of ipsilateral INCs and neocortical gene expression in the mouse.
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